Abstract. Although tumor necrosis factor alpha (TNF-α) is known to serve a critical role in the pathogenesis of inflammatory osteolysis, the exact mechanisms underlying the effects of TNF-α on osteoclast recruitment and differentiation remain unclear. To investigate the mechanisms by which TNF-α influences osteoclast differentiation, mouse bone marrow-derived macrophages (BMMs) were used as osteoclast precursors, and osteoclastogenesis was induced by macrophage colony-stimulating factor and receptor activator of nuclear factor (NF)-κB ligand (RANKL) with or without TNF-α for 4 days. Then, NF-κB was inhibited using the inhibitor, BAY 11-7082. The results indicated that treatment with TNF-α alone did not induce osteoclastogenesis of BMMs. However, TNF-α in combination with RANKL dramatically stimulated the differentiation of osteoclasts and positively regulated the expression of mRNA markers of osteoclasts. Finally, treatment of BMMs with BAY 11-7082 prevented the formation of mature osteoclasts by BMMs treated with TNF-α only or with RANKL, as well as the upregulation of osteoclast marker genes. Therefore, although TNF-α does not induce osteoclastogenesis alone, it does work with RANKL to induce osteoclastic differentiation, and the NF-κB pathway may serve an important role in this process.
Introduction
Osteoclastogenesis and osteoblastogenesis must be properly balanced for bone homeostasis to be maintained (1, 2) , and abnormal activation of osteoclasts has been identified in a variety of bone diseases, such as osteoporosis, osseous metastasis and arthritis, which are associated with pathologic bone resorption. Some studies (3, 4) have been conducted to investigate how various inflammatory cytokines drive excessive bone loss by suppressing the anabolic functions of osteoblasts and inducing receptor activator of nuclear factor (NF)-κB ligand (RANKL) expression in the osteoblast lineage and stromal cells, thereby promoting osteoclastogenesis. These studies have demonstrated that inflammatory cytokines such as tumor necrosis factor alpha (TNF-α) and interleukin-1 can act in concert with RANKL to augment signaling by RANK and directly promote osteoclastogenesis, but the underlying molecular mechanism remains unclear (5, 6) .
Osteoclast precursors are derived from hematopoietic stem cells identified in the bone marrow and are the only cells capable of bone resorption (7) . Thus, these cells are required for both normal bone homeostasis and pathological bone loss. Their differentiation and activation are regulated by a variety of hormones and cytokines. In particular, RANKL and macrophage colony-stimulating factor (M-CSF) were demonstrated to be essential cytokines for osteoclast differentiation (8) . RANKL is a member of the TNF superfamily, and through its receptor RANK, RANKL acts as the primary cytokine mediating osteoclast differentiation by inducing fusion of preosteoclasts to produce mature multinucleated cells (9, 10) . Binding between RANKL and RANK on preosteoclasts leads to the recruitment of TNF receptor-associated factor (TRAF) family proteins, such as TRAF2/6, which activate mitogen-activated protein kinases, as well as NF-κB (11) . This signaling activates transcription factors that are required for osteoclast differentiation, such as c-Fos, activator protein-1 and nuclear factor of activated T cells 1 (NFATc1) (12, 13) Stimulation with RANKL selectively induces NFATc1 expression, and thus, NFATc1 is considered to function as a master switch for controlling the terminal differentiation of osteoclasts (14) .
TNF-α is known to be among the most potent multifunctional inflammatory cytokines. By inducing macrophage cell killing activity, TNF-α serves an important role in the host immune response (15) . In addition, TNF-α has been demonstrated to be involved in bone resorption associated with inflammatory diseases of bone (16, 17) . TNF-α can influence osteoclast precursor differentiation and bone resorption activity through various processes, one of which is the induction of (18) . Another process involves the direct induction of preosteoclast fusion and differentiation, but the specific underlying mechanisms have not been elucidated (19) . To investigate the molecular mechanism underlying the positive effects of TNF-α on RANKL-induced osteoclast differentiation, then the authors examined the activation of the NF-κB pathway and the expression of RANK during the course of osteoclastogenesis in bone marrow-derived macrophages (BMMs). The results of the present study indicated that TNF-α promotes osteoclast precursor differentiation by working together with RANKL and upregulating RANK expression.
Materials and methods
Cell culture and reagents. The growth medium for primary mouse BMMs was α-minimum essential medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and antibiotics (100 U/ml penicillin and 100 g/ml streptomycin, Gibco; Thermo Fisher Scientific, Inc. 
Isolation of BMMs and in vitro induction of osteoclastogenesis.
A total of 20 C57BL/6 mice (weighing approximately 18-22 g) were obtained from the Animal Experiment Laboratory of Daping Hospital (Chongqing, China). All mice were fed ad libitum with standard rodent chow and had free access to food and water (Prolab RMH 3000; PMI LabDiet, Richmond, IN, USA). All experiments involving mice were approved by the Institutional Animal Care and Use Committee at the Third Military Medical University (Chongqing, China). Femurs and tibiae were removed from 6-week-old male C57BL/6 mice following sacrificed the mice by cervical dislocation. Bone marrow cells were collected, treated with red blood cell lysis buffer (150 mM ammonium chloride, 10 mM potassium bicarbonate and 0.1 mM EDTA, pH 7.4), and then cultured in growth medium containing M-CSF (10 ng/ml) in 5% CO 2 at 37˚C. Following incubation overnight, nonadherent cells were collected, seeded at 5x10 7 cells per well in 6-well plates, and treated with M-CSF (30 ng/ml) for a further 48 h. Then the cells that adhered to the plates were used as BMMs, and cells that continued to be nonadherent were washed away. Detachin™ (Genlantis, San Diego, CA, USA) was used for cell detachment, and, upon resuspension, the obtained cells were seeded on dishes or plates for induction of osteoclastogenesis. To induce osteoclastic differentiation, BMMs (1x10 5 cells/ml) were cultured in growth media containing 30 ng/ml M-CSF and 50 ng/ml RANKL with or without TNF-α at various concentrations for 4 days.
Cell viability assay. BMMs were cultured in growth media containing 30 ng/ml M-CSF in the presence or absence of TNF-α (0, 10, 20, 40, 80, 100 or 200 µM) for 4 days. Cell viability was assessed using CCK-8, according to the manufacturer's instructions. Briefly, the cells were plated in 96-well plates at 1x10 4 cells per well and cultured in growth medium. At the indicated time points, cells were incubated with CCK-8 solution for 4 h at 37˚C. The viability of cells was assessed by measuring the absorbance at 450 nm using the Biotek ELX-800 plate reader (Biotek Instruments, Inc., Winooski, VT, USA). All experiments were performed in triplicate.
Measurement of TRAP activity and TRAP staining. BMMs (1x10
5 cells/well) were seeded in wells of 24-well plates and incubated for 24 h prior to treatment with 10 ng/ml M-CSF for 2 days followed by treatment with 30 ng/ml M-CSF + 50 ng/ml RANKL in media containing 10% FBS for 4 days. Following incubation, the cells were fixed in 3.7% formaldehyde, permeabilized with 0.1% Triton X-100 and incubated with TRAP staining solution 387-A in the dark at 37˚C. Following rinsing the cells, TRAP-positive multinucleated cells were visualized by phase-contrast light microscopy (Olympus Corporation, Tokyo, Japan). Following staining, TRAP-positive multinucleated cells (3 nuclei) were counted manually in six randomly selected visual fields. TRAP activity was assessed using a TRAP staining kit and absorbance measurement at 540 nm.
RT-qPCR. Briefly, total RNA was extracted on the indicated days using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and purified total RNA was used for cDNA synthesis with Moloney murine leukemia virus (M-MLV) reverse transcriptase and oligo(dT) primers (Promega Corporation). The specific primer pairs are listed in Table I . Nfatc1 and other mRNAs were measured using the StepOne real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The PCR program involved an initial step for 20 sec at 95˚C, followed by 40 thermal cycles of 3 sec at 95˚C and 30 sec at 60˚C, and finished with 15 sec at 95˚C, 1 min at 60˚C and 15 sec at 95˚C. Data were analyzed according to the comparative cycle threshold method (20) and were normalized to GAPDH expression in each sample. The expression of individual genes was assessed in triplicate samples and repeated each experiment at least three times.
Immunostaining. For immunostaining analysis, BMMs were fixed in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 for 30 min. Cells were rinsed again with PBS and blocked with 5% bovine serum albumin, washed three times with PBS prior to incubation with the primary antibody against RANK (dilution 1:300) at 4˚C overnight. Cells stained with RANK were then visualized following incubation with a fluorescein isothiocyanate-conjugated secondary antibody (A0568; 1:500; Beyotime Institute of Biotechnology, Haimen, China) for 2 h at room temperature and treatment with 50 µg/ml DAPI for nuclear staining. Fluorescence images were obtained using a fluorescence microscope (Fluoview 400; Olympus Corporation).
Western blot analysis. Cell lysates were prepared using radioimmunoprecipitation assay buffer [50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1% NP-40, 0.25% Na-deoxycholate, 0.1% SDS with 1 mM EDTA (pH 8.0), 1 mM phenylmethylsulfonyl fluoride, 2 µg/ml aprotinin, 2 µg/ml leupeptin, 4 mM Na 3 VO 4 and 10 mM NaF]. The samples (10-30 µg protein/well) were resolved using SDS-PAGE (6-10% gels), and proteins were transferred to nitrocellulose membranes. The membranes were blocked in 5% skim milk and incubated with antibodies against NFATc1 (1:3,000), RANK (1:500), IκB kinase α (sc-1643; 1:1,000) and α-tubulin (sc-69970; 1:500) at 4˚C overnight. Next, the membranes were incubated with a horseradish peroxidase-conjugated secondary antibody rabbit anti-mouse IgG H&L (ab6728; Abcam, Cambridge, MA, USA) at a dilution of 1:300 for 3 h at 4˚C. Protein bands were visualized with an enhanced chemiluminescence detection kit (Roche Diagnostics, Basel, Switzerland). Chemiluminescence was detected using a motorized molecular imaging system (GE Healthcare, USA).
Statistical analysis. Unless otherwise specified, the results are presented as mean ± standard deviation. Statistical comparisons were performed using Student's t-tests, and P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of TNF-α on BMM viability. The authors first investigated whether specific concentrations of TNF-α may be cytotoxic to BMMs in culture. Following treatment with TNF-α at concentrations between 0 and 200 µg/µl for 4 days, BMMs remained viable in general (Fig. 1) . However, the effect of TNF-α on BMM viability was indicated to be dose dependent. At concentrations of ≤40 µg/µl, TNF-α positively affected the viability of BMMs, inducing BMM proliferation, whereas BMMs treated with higher doses of TNF-α presented less activity with the CCK-8 assay, although still more than that of cells not exposed to TNF-α. Therefore, the authors selected 40 µg/µl TNF-α as the appropriate concentration for stimulation of BMMs.
TNF-α promotes osteoclast formation and fusion from BMMs.
The effects of TNF-α on osteoclast formation were analyzed among BMMs in vitro by treating BMMs with RANKL and M-CSF in the presence or absence of TNF-α. TNF-α treatment promoted osteoclast formation as indicated by an increase in the number of TRAP-positive multinucleated osteoclasts ( Fig. 2A) . Large TRAP-positive multinucleated osteoclasts (≥10 nuclei) were clearly observed in the TNF-α-treated group (Fig. 2B) . In addition, the TRAP activity of BMMs induced by RANKL was further promoted by TNF-α (Fig. 2C) . These results indicated that TNF-α promotes osteoclast formation and fusion.
TNF-α and RANKL together upregulate expression of genes related to osteoclastogenesis.
To explore the molecular mechanism underlying the promotion of osteoclast formation and fusion by TNF-α, the authors analyzed the mRNA levels of genes related to osteoclast differentiation, specifically RANK, NFATc1 and NF-κB, in BMMs exposed to TNF-α, RANKL or both. The mRNA levels of RANK and NFATc1 were increased by varying degrees by TNF-α (Fig. 3) . Furthermore, the synergistic actions of TNF-α and RANKL may be reflected by the activation of NFATc1 signaling, which is essential for osteoclastogenesis, unlike NF-κB signaling. Notably, together TNF-α and RANKL induced upregulation of RANK.
TNF-α and RANKL increase expression of RANK in BMMs.
To confirm that TNF-α and RANKL together increase the expression of RANK, RANK expression was assessed in BMMs exposed to TNF-α, RANKL or both, via immunofluorescence. The results demonstrated that either TNF-α or RANKL may upregulate the expression of RANK, yet exposure to both cytokines led to even greater expression of RANK (Fig. 4) . RANK, receptor activator of nuclear factor-κB; NFACTc1, nuclear factor of activated T cells 1; NF-κB, nuclear factor-κB. Inhibition of NF-κB signaling prevents osteoclastogenesis even with stimulation by TNF-α and/or RANKL. Finally, the authors examined whether the NF-κB signaling pathway participates in osteoclastogenesis among BMMs using BAY 11-7082, a specific inhibitor of NF-κB. The addition of BAY 11-7082 to BMMs in culture medium containing TNF-α, RANKL or both resulted in the suppression of osteoclastogenesis and downregulation of IKKα, NFATc1 and RANK expression (Fig. 5) .
Discussion
Bone undergoes continuous renewal, which requires a precise balance of bone resorption and formation. Bone resorption by osteoclasts is known to be largely mediated by inflammatory cytokines including TNF-α, which has been indicated to modulate a broad spectrum of responses including inflammation, proliferation, apoptosis, immunoregulation and antiviral activity at the cellular level (21) . In bone, TNF-α inhibits extracellular matrix deposition and stimulates matrix metalloprotease synthesis. Moreover, previous studies have demonstrated that TNF-α can be used to induce bone resorption both in vitro and in vivo (22, 23) . To better under- (22, 23) . To better understand the molecular mechanisms underlying the functions of TNF-α in osteoclast differentiation, the authors examined the activation of specific signaling pathways and the expression of RANK and other osteogenic factors during the course of Figure 3 . Expression of RANK, NFATc1, NF-κB, and β-actin in bone marrow-derived macrophages exposed to TNF-α and RANKL individually and in combination. RANK, receptor activator of nuclear factor-κB; NFATc1, nuclear factor of activated T cells 1; NF-κB, nuclear factor-κB; TNF-α, tumor necrosis factor-α; RANKL, receptor activator of nuclear factor-κB ligand. Initially, the viability of BMMs exposed to various concentrations of TNF-α was examine in culture and concentrations of TNF-α that were nontoxic to BMMs were identified. In addition, greater activity among cells treated with TNF-α at concentrations of ≤40 µg/µl was observed. However, all BMMs treated with TNF-α presented greater viability than control cells not treated with TNF-α. These data suggested that TNF-α can influence on the viability of BMMs directly and were distributed normally between the effect and concentration. Following this, whether TNF-α could stimulate osteoclastic differentiation of BMMs with or without RANKL was analyzed. The current results demonstrated that TNF-α could not induce osteoclastogenesis of BMMs without RANKL, but did enhance osteoclastogenesis when delivered with RANKL, as confirmed by increased numbers of TRAP-positive multinucleated osteoclasts and increased TRAP activity. Nevertheless, the osteoclastogenic effect of TNF-α independent of RANKL has been controversial, with studies reporting that TNF-α directly promotes osteoclast formation in vitro in the absence of RANKL (21, 24) . In contrast to the present approach, peripheral blood mononuclear cells (PBMCs) were isolated from whole blood of psoriatic arthritis patients as the target cells treated with TNF-α, which then led to the observation of an enhanced osteoclastogenic effect with TNF-α alone. In contrast, the authors suggested that PBMCs should be seen as the cells to be pretreated with various cytokines. However, consistent with the present findings, another study reported that TNF-α does not induce osteoclastogenesis without RANKL. Moreover, Li et al (25) demonstrated that administration of TNF-α to RANK-deficient mice is not able to induce osteoclastogenesis in vivo. The current results further support that TNF-α cannot serve as a substitute for RANKL toward the induction of osteoclastogenesis in physiological conditions.
Previous studies have indicated that TNF-α increases the production of osteoclastogenic cytokines, such as M-CSF and RANKL in osteoblast-like cells (26, 27) . Therefore, TNF-α likely promotes the differentiation of osteoclast precursors, thereby supporting bone resorption. To further investigate the molecular mechanisms by which TNF-α induces osteoclastogenesis, the authors evaluated the mRNA expression of RANK, NFATc1 and NF-κB in BMMs exposed to TNF-α and RANKL individually or in combination using RT-qPCR. The results indicated that both TNF-α and RANKL individually upregulated the expression of RANK and NFATc1, indicating the potential for similar activities between these cytokines. Moreover, greater increases in the expression of RANK and NFATc1, as well as increased NF-κB expression, were observed upon treatment of BMMs with both TNF-α and RANKL. The increased expression of RANK mRNA substantiated matching trends in the intensity of immunofluorescent staining of RANK in BMMs treated with TNF-α and RANKL individually or in combination.
The present findings suggested that RANKL and TNF-α function in concert in the osteoclastogenic process. Therefore, the authors sought to determine whether this coordinated activity is reflected in a signaling pathway essential for osteoclast differentiation. When RANKL binds to its receptor RANK on osteoclasts, activation of the NF-κB signaling pathway is one critical distal event in osteoclastogenesis (28) . To determine whether TNF-α also activates the same signaling pathways as RANKL in the cytoplasm, a specific inhibitor of NF-κB (BAY 11-7082) was used to block the pathway. The results indicated that blocking the NF-κB pathway inhibited the formation of osteoclasts as well as the upregulation of RANK, IKKα and NFATc1 typically observed during osteoclastogenesis. Thus, the NF-κB pathway may represent a target for interrupting bone absorption caused by chronic inflammation.
The current results confirm that the relationship between TNF-α and RANKL in osteoclastogenesis is intricate. Both factors, individually and in combination, have major effects on osteoclast progenitors. The current data for the role of TNF-α in inflammatory osteolysis indicate that TNF-α acts on the stromal environment to enhance expression of osteoclastogenic factors, thereby increasing osteoclast differentiation. These results demonstrate that TNF-α alone cannot induce BMM differentiation into osteoclasts, but TNF-α may directly stimulate BMM synthesis of RANK and other osteoclastogenic cytokines, as well as amplify the effects of RANKL via NF-κB signaling. Therefore, the NF-κB pathway may represent a potential target for preventing osteoporosis and arthritis caused by chronic inflammatory factors, such as TNF-α.
